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In this work we investigated the scattering and absorption properties of nanofluids consisting in aqueous suspensions of single wall
carbon nanohorns. The characteristics of these nanofluids were evaluated in order to use them as direct sunlight absorber fluids in solar
devices. The investigation was carried our for nanohorns of different morphologies and for suspensions prepared with different amounts of
surfactant. The differences in optical properties induced by carbon nanoparticles compared to those of pure water lead to a considerably
higher sunlight absorption with respect to the pure base fluid. Scattered light over the total attenuation of light was found to be nearly
negligible at NIR wavelengths. Both these effects, together with the possible chemical functionalization of carbon nanohorns, make this
new kind of nanofluids very interesting for increasing the overall efficiency of the sunlight exploiting device. [DOI: 10.2971/jeos.2011.11025]
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1 Introduction
Solar thermal collectors are heat exchangers that transform
solar radiation energy to internal energy of the transport
medium. Typical solar collectors use a black-surface absorber
to collect solar energy [1] but this configuration entails var-
ious limitations like for example, a limited contact between
absorber and fluid, with resulting non-optimal thermal en-
ergy transfer. Among the alternative concepts that have been
evaluated, the use of black liquids as both solar radiation ab-
sorbers and heat transfer media has been studied [2]. It should
be noticed that the efficiency enhancement in sunlight exploit-
ing devices is a key point to decrease the cost-per-watt of
generated power. Usually, black liquids are ink-based fluids
containing various organic compounds and inorganic parti-
cles, but they show serious drawbacks because of their light-
induced degradation and thermal degradation at the high op-
erating temperatures. A recent development in solar thermal
collectors is the use of nanofluids (i.e. fluids with suspended
nanometer-sized particles) to directly absorb the light. Among
the different materials that have been studied in nanofluids,
carbon nanotubes appear very promising [3, 4]. However, the
optical properties of the nanofluids (light extinction, light ab-
sorption, fluorescence), in general depend on the shape, size,
refractive index and other optical properties of the particles,
besides the properties of the fluid [5]. Therefore the char-
acterization of fundamental optical properties of considered
nanoparticles and/or nanofluids is absolutely mandatory as
it is the necessary basis for any subsequent application ex-
ploiting optical properties themselves. Recently, we studied
nanohorns-based aqueous suspensions in the perspective to
use them as direct sunlight absorber in solar thermal collectors
[6], obtaining very promising results. To assess the fundamen-
tal optical properties of single wall carbon nanohorns (SWC-
NHs), and in particular the relative weight of light scattering
over the whole light extinction phenomenon, in this work we
measured the scattering and absorption coefficients of three
different SWCNH suspensions. The investigated nanofluids
were prepared with dahlia and bud morphologies and with
different amount of surfactant in order to understand whether
the aggregation state of the nanoparticles leads to a different
optical behavior.
2 Materials and Methods
SWCNHs were produced with a patented method by Car-
bonium Srl [7]: the method demonstrated excellent capabil-
ity and, differently from other commonly used, could be eas-
ily scaled up for massive production [8]. The producer is
able to differentiate the method in order to obtain different
SWCNH morphologies (dahlia-like, bud-like and seeds-like).
The use of some amount of dispersant was necessary to avoid
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SWCNH aggregation, and the sodium n-dodecyl sulfate (SDS,
99%, Alfa Aesar) was demonstrated to be the best disper-
sant for this kind of carbon nanostructure [9]. Three SWCNH
suspensions were prepared, with a concentration of 0.3g/l of
dahlia and bud-like nanohorns and two concentration of SDS
(1.2 and 1.8 g/l), resulting in the following three investigated
suspensions: dahlia+SDS 1.2g/l (D1), dahlia+SDS 1.8g/l (D2)
and bud+SDS 1.8g/l (B).
The Lambert-Beer law gives the relationship for the light ex-
tinction after a path length r within a generic turbid medium:
I(r)
I0
= e−εext ·ρ·r (1)
where I0 is the intensity of the input light, I(r) is the light
intensity measured after the distance r and εextρ is the ex-
tinction coefficient of the medium. In fact, if a given scatter-
ing/absorption suspension with extinction coefficient εext is
diluted in a medium (e.g. in water), the resulting suspension
has an extinction coefficient µext = εextρ, where ρ is the con-
centration of the absorbing/scattering medium within the re-
sulting medium. Thus in the following we will label in gen-
eral, the scattering (or absorption) coefficient of a medium
obtained from a dilution of a given suspension as µ, the
respective scattering (or absorption) coefficient of the non-
diluted suspension as ε and the concentration of the absorb-
ing/scattering suspension within the resulting suspension as
ρ. Therefore, the following general relationship applies:
µ = ε · ρ.
The measurement of the ballistic radiation I(R,ρ) transmitted
through a suspension inside a calibrated cell of length R as
a function of the increasing concentration ρ of the absorb-
ing/scattering medium allows to easily calculate the extinc-
tion coefficient. In fact Eq.1, once natural logarithm is applied
on both sides, is a linear relation between ballistic intensity
and concentration: the slope divided by the cell length is equal
to εext. As for the relationships between relevant quantities,
we mention that the extinction coefficient is given by the sum
of scattering and absorption coefficients. Another important
quantity is the scattering albedo, that expresses the relative
contribution of scattering to extinction. Relevant definitions
and relationships as summarized in Table 1.
It is clear that the unique measurement of the extinction co-
efficient is not sufficient to uncouple scattering and absorp-
tion coefficients. The experimental measurement that leads to
the separation of the two coefficients needs further definitions
and the use of the diffusion equation: theory and details can
be found elsewhere [10] and in this paper we will summa-
rize only few aspects. The fluence rate Φ in an homogeneous
and infinite diffusing medium at a specific distance r from a
point-like CW source emitting an unit power is a function of
three parameters: the distance, the effective attenuation coef-
ficient µe f f = (3µaµ′s)1/2 (with µa absorption coefficient) and
the reduced scattering coefficient of the medium (this latter is
defined by the relationship µ′s = µs(1− g) with g anisotropy
factor of the scattering function [10]). A linear relationship be-
tween fluence rate and distance can be obtained from the ex-
pression of the fluence rate after applying the natural loga-
rithm on both sides:
ln[Φ(r) · r] = −µe f f r+ ln3µ
′
s
4pi
(2)
Therefore, by means of multidistance fluence measurements,
it is possible to obtain, with a linear fitting, the effective atten-
uation coefficient µe f f as the slope of the relationship in
Eq. 2.
A single multidistance measurement is clearly not sufficient to
obtain both µa and µ′s which are connected each other within
the expression of µe f f . To assess the values of both scattering
and absorption coefficients it is necessary to repeat the mea-
surement by changing only one of them in a controlled way,
while the other remains constant. The approach we used to
uncouple the two coefficients is, once again, increasing the
concentration of the absorber (thus the absorption coefficient)
in a calibrated diffusing medium (with high scattering and
low absorption) once the scattering coefficient is maintained
fixed. A suspension with a previously calibrated diffusive
medium having both high scattering and small absorption, in
our case Intralipid-20% (Fresnius Kabi, Uppsala, Sweden) was
prepared. Then its properties were modified introducing very
small quantities of SWCNH suspension that do not signifi-
cantly modify the scattering properties of the resulting fluid.
In fact, as nanofluid additions are lower than 0.1% vol. and the
scattering coefficient of the calibrated Intralipid suspension is
high (1.6 mm−1), the increasing of the scattering coefficient
of the resulting medium would be negligible (< 1%) even if,
instead of SWCNHs, the same amount of high-scattering In-
tralipid would be added. For each SWCNH addition, a multi-
distance measurement was performed and the µe f f coefficient
was calculated for each increased absorption.
When a known quantity of absorber is introduced in the cali-
brated suspension, the expression of effective attenuation co-
efficient as a function of the added concentration of SWCNH
suspension becomes [11]:
µ2e f f (ρ) = 3(µa0 + εaρ)µ
′
s0 = 3µa0µ
′
s0 + 3εaρµ
′
s0 (3)
where µa0 and µ′s0 are the calibrated absorption and reduced
scattering coefficient of the Intralipid suspension, εa is the ab-
sorption coefficient of the original suspension of SWCNHs,
before to dilute it for the present measurement and ρ the con-
centration of the added absorber, calculated with respect to
the whole medium. Eq. 3 is a linear relationship between µ2e f f
and ρ. It allows to obtain the absorption coefficient εa as the
slope divided by 3µ′s0. Once the absorption coefficient εa is de-
termined, and the extinction coefficient εext is independently
determined as explained above (Eq. 1), the scattering coeffi-
cient and the scattering albedo of the non-diluted suspension
can be calculated.
In order to assess the wavelength dependence of absorption
and scattering coefficients in the vis-NIR, the fluence rate and
transmittance measurements were repeated for three wave-
11025- 2
Journal of the European Optical Society - Rapid Publications 6, 11025 (2011) L. Mercatelli et al.
Definition Symbol Formula
Extinction coefficient of a given suspension εext εext = εa + εs
Scattering coefficient of a given suspension εs
Absorption coefficient of a given suspension εa
Extinction coefficient of a diluted suspension µext µext = εextρ = µa + µs
Scattering coefficient of a diluted suspension µs µs = εsρ
Absorption coefficient of a diluted suspension µa µa = εaρ
Scattering albedo ω ω = µsµext =
εs
εext
Anisotropy factor g (ref [10])
Reduced scattering coefficient of a diluted suspension µ′s µ′s = µ′s(1− g)
Effective attenuation coefficient of a diluted suspension µe f f µe f f = (3µaµ′s)1/2
TABLE 1 Relevant names, symbols and definitions
lengths using alternatively a HeNe laser (632.8 nm) and two
laser diodes (751 and 833 nm).
The setup for transmittance measurement is composed by a
cell of calibrated length (Hellma, 34.51 mm) and by a chopped
laser. The ballistic laser radiation transmitted through the cell
is acquired using a photodiode and processed by lock-in stan-
dard techniques.
The experimental setup for fluence rate measurements in the
infinite medium (i.e. a medium for which light reflections
at the boundaries do not significantly affect the measure-
ments) is composed by the chopped laser whose radiation
is introduced in the medium (a large becker with nearly 3 l
of solution) using an optical fiber with an end that radiates
isotropically and a receiver optical fiber, identical to emitter
one, mounted on a computer-controlled translation stage [11]
which performs measurements for distances in the range 5-40
mm from the emitting fiber. The signal received by a photo-
multiplier coupled to the receiver fiber is acquired by a lock-in
amplifier. The scheme of the experimental setup is shown in
Figure 1.
FIG. 1 Scheme of the experimental setup for fluence rate measurements in the
infinite medium.
3 Results and Discussion
Transmittance measurements were repeated, for each wave-
length and each suspension, for increasing SWCNH concen-
trations. The numeric value of εe f f is given by the slope of the
line that best fits the result, once divided by the cell length.
Analogously, multidistance fluence rate measurements were
repeated, for each wavelength and each suspension, for in-
creasing SWCNH concentrations. This provided several val-
ues of µe f f , as the slopes of the lines that best fit the measure-
ments according to Eq. 2 (Figure 2).
FIG. 2 Fluence rate measurements at different distances source-receiver as a function
of increasing concentration of SWNHs in the medium (λ=632.8 nm, suspension D1).
Effective coefficients are achieved as the slopes of the best fit lines.
The experimental values of the quadratic effective attenuation
coefficient as a function of the SWCNH concentration is de-
picted in Figure 3: the absorption coefficient εa was calculated
from the slope of the straight line that best fits the experimen-
tal results.
The results are summarized in Table 2 where extinction, scat-
tering and absorption coefficients are reported together with
the scattering albedo values. The amount of extinction is al-
most totally due to absorption. In fact extinction and ab-
sorption coefficients are very similar and scattering albedo is
lower than 5%: therefore the part of scattered light is less than
5% of total extinct light. In some cases the amount of scat-
tered light was even lower than the system sensitivity (the
cases in Table 2 where the calculated values are negative) and
could not be determined. The part of scattered light decreases
with increasing wavelength and is negligible for NIR wave-
lengths (833 nm) while no differences were noticed among
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D1
εext[mm−1g/l] εa[mm−1g/l] ε′s[mm−1g/l] ω(ε′s/εext)
λ = 633nm 10.63 10.39 0.24 0.022
λ = 751nm 10.15 10.00 0.15 0.014
λ = 833nm 9.71 9.52 0.19 0.019
D2
εext[mm−1g/l] εa[mm−1g/l] ε′s[mm−1g/l] ω(ε′s/εext)
λ = 633nm 11.59 11.07 0.52 0.045
λ = 751nm 10.54 10.53 0.01 0.001
λ = 833nm 9.98 10.06 negative negative
B
εext[mm−1g/l] εa[mm−1g/l] ε′s[mm−1g/l] ω(ε′s/εext)
λ = 633nm 10.70 10.38 0.32 0.029
λ = 751nm 9.68 9.65 0.03 0.003
λ = 833nm 9.03 9.14 negative negative
TABLE 2 Extinction, absorption and scattering coefficient at different wavelengths for non-diluted suspension of 0.3g/l of SWCNHs. D1: dahlia+SDS 1.2g/l, D2: dahlia+SDS 1.8g/l, B:
bud+SDS 1.8g/l. The scattering albedo is reported. Negative values mean that they lie under the system sensitivity
FIG. 3 Quadratic effective coefficient as a function of increasing concentration of
SWCNHs (λ=632.8 nm, suspension D1). Absorption coefficient is calculated from the
slope of the best fit line.
the differently-shaped SWCNH suspensions and for different
concentration of dispersant.
4 Conclusions
This paper reports on the first measurements of extinction
and absorption coefficients on Single Wall Carbon Nanohorn
(SWCNH) suspensions as a function of the nanoparticle mor-
phology (dahlia and bud) and with different amounts of
dispersant. Scattering coefficient and scattering albedo were
measured for three different wavelengths and for three dif-
ferent SWCNH suspensions. The obtained values of the scat-
tering albedo were always lower than 0.05, indicating that
the portion of light scattered by SWCNH suspensions was
smaller than 5%. This means that an amount of light as
high as 95% was directly absorbed. Moreover, we evidenced
that the values of scattering albedo decreased with increas-
ing wavelength, and therefore the value of absorbed light in-
creased with increasing wavelength. This entails a very inter-
esting result: i.e. that nanohorns suspensions behave as per-
fect absorbers for NIR wavelengths (833 nm) or for longer
wavelengths. Moreover, this result is independent both on
the shape of nanohorns (dahlia, bud) and on the amount
of dispersant (1.2 or 1.8g/l). The obtained results open very
appealing perspectives for different applications of Carbon
Nanohorns, taking advantage also on their widely confirmed
non-cytotoxic characteristics. Just to mention one of them,
SWCNHs can be used in Solar Energy as innovative direct
sunlight absorbers in new-generation solar collectors. The re-
sults reported in this work could be used in optical simulation
software to optimize the use of SWCNH-based nanofluids.
Acknowledgments
Authors thank Dr. A. Giannini for the help in measurements.
References
[1] Fernandez-Garcìa A., Zarza E., Valenzuela L., Pérez M. “Parabolic-
trough solar collectors and their applications”, Renew. Sust. Energ.
Rev. 14, 1695 (2010).
[2] Yuncu H., Paykoc E., Yener Y. Solar energy utilization, (Kluwer
Academic Publishers, 1987).
[3] Choi S., Zhang Z., Yu W., Lockwood F., Grulke E. “Anomalous ther-
mal conductivity enhancement in nanotube suspensions”, Appl.
Phys. Lett. 79, 2252 (2001).
[4] Assael M., Chen C., Metaxa I., Wakeham W. “Thermal Conductivity
of Suspensions of Carbon Nanotubes in Water”, Int. J. Thermophys.
25, 971 (2004)
[5] Khlebtsov N., Trachuk L., Mel’nikov A. “The effect of the size,
shape, and structure of metal nanoparticles on the dependence
of their optical properties on the refractive index of a disperse
medium”, Opt. Spectra 98, 77 (2005)
[6] Sani E., Barison S., Pagura C., Mercatelli L., Sansoni P., Fontani D.,
Jafrancesco D., Francini F. “Carbon nanohorns-based nanofluids as
direct sunlight absorbers”, Opt. Express 18, 5179 (2010)
[7] Schiavon M. “Device and method for production of carbon nan-
otubes, fullerene and their derivatives” U.S. Patent 7,125,525
(2006); European Patent 1428794 (2004)
[8] Pagura C., Barison S., Battiston S., Schiavon M. “Synthesis and
Characterization of Single Wall Carbon Nanohorns Produced by Di-
rect Vaporization of Graphite” in Proceeding of TechConnect World
11025- 4
Journal of the European Optical Society - Rapid Publications 6, 11025 (2011) L. Mercatelli et al.
2010 - Anaheim, CA: Advanced Materials, CNTs, Particles, Films and
Composites, 1 289 (TechConnect World, Anaheim, 2010)
[9] Fedele L., Colla L., Bobbo S., Barison S., Agresti F. “Experimental
stability analysis of different water-based nanofluids” submitted
to Nanoscale Res. Lett.
[10] Martelli F., Bassani M., Alianelli L., Zangheri L., and Zaccanti G.
“Accuracy of the diffusion equation to describe photon migration
through an infinite medium: numerical and experimental investi-
gation”, Phys. Med. Biol. 45, 1359 (2000)
[11] Zaccanti G., Del Bianco S., and Martelli F. “Measurements of optical
properties of high density media”, Appl. Optics 42, 4023 (2003)
11025- 5
